Abstract-The exchange of chlorinated organic pollutants between air and vegetation in cold, mountain environments was investigated through the extraction of coniferous vegetation and high-volume air samples collected from the Canadian Rocky Mountains during the summers of 1999 and 2000. Concentrations of several compounds in vegetation increased as temperatures decreased, whereas atmospheric concentrations were not related to temperature. Daily cycling of these compounds between air and vegetation as a result of diurnal temperature changes was not observed. Compared with concentrations in vegetation from the Canadian Rocky Mountains, plant samples from the western valley in British Columbia (Canada) showed higher pollutant levels. Chemical partitioning between vegetation and air was not correlated with temperature, indicating that air contamination is governed by long-range transport and not by local revolatilization events. Based on these observations, we show that both deposition at higher altitudes and longrange atmospheric transport influence chemical accumulation in vegetation from the Canadian Rocky Mountains.
INTRODUCTION
Several chlorinated organic contaminants, such as polychlorinated biphenyls (PCBs) and the pesticides hexachlorocyclohexane (HCH), persist in the environment, resulting in their widespread global distribution. The semivolatile nature of these compounds allows them to travel great distances through the air and causes them to accumulate in colder regions via atmospheric deposition [1] . It has been documented that this global distillation contributes to high contaminant concentrations in polar environments [2] .
Recent studies have examined the possibility that alpine ecosystems may also retain semivolatile organic compounds (SVOCs) due to the cold temperatures observed at high altitudes [3] [4] [5] . However, the importance of terrestrial vegetation in this process has not been examined in detail. The tendency for vegetation to retain SVOCs is particularly important in heavily forested areas such as northern Canada. Forests can intercept gaseous airborne chemicals traveling north before they reach higher latitudes where colder temperatures favor their condensation and deposition [6] .
Coniferous needles can grow on the tree for several years and, provided chemical volatility is low enough, these plants can adsorb and accumulate airborne lipophilic compounds throughout their lifetime [7] . Semivolatile pesticides are introduced into the environment via revolatilization following application, initial scatter upon application, and wind erosion of soil. In the air, they travel to cold regions within days, where they are more resistant to breakdown than in temperate climates where pesticides are commonly applied [8] . The persistent and bioaccumulative nature of organochlorine (OC) compounds may permit them to remain in a cycle of volatil-* To whom correspondence may be addressed (deborahannedavidson@hc-sc.gc.ca).
ization and deposition between vegetation, soil, and the air for decades [7] . If such cycles are occurring in the Canadian Rocky Mountains, alpine and subalpine ecosystems may be continuously exposed to certain hazardous chemicals.
We recently examined the accumulation of several organochlorine compounds in terrestrial vegetation in the Canadian Rocky Mountains and demonstrated that more volatile chemicals are progressively distilled toward higher altitudes and subsequently become concentrated in mountain environments [9] . This study provides a more detailed investigation into the temperature dependence of persistent organic pollutant (POP) concentrations in vegetation and air from this mountain area using data collected from the previous examination. In this article, we also examine the daily variations in plant POP concentrations and the accumulation of these chemicals in vegetation along a longitudinal gradient from the interior of British Columbia toward the Rocky Mountains.
EXPERIMENTAL SECTION

Sample collection
Vegetation was sampled from seven sites in the Canadian Rocky Mountains (Fig. 1 ) [9] . Vegetation samples were also collected along a longitudinal transect in British Columbia from Kamloops to Revelstoke in mid-July 2000 (Table 1 ). To ascertain if daily cycling of POPs occurs between air and vegetation, diurnal samples were collected in early morning (n ϭ 12) and late afternoon (n ϭ 12) on three separate occasions at Bow Lake (AB, Canada).
Air was sampled using a high-volume air sampler placed at Bow Lake and Donald Station (AB, Canada) in 1999 and at Bow Lake, Sundre (AB, Canada), and Lower Kananaskis Lake Major cities are represented for reference. Vegetation was collected from Wapta Lake, Vermilion Lakes, Rock Isle, and Dixon Dam as well as from Revelstoke, Kamloops, Salmon Arm, and Kelowna for transect analysis. Air was sampled at Sundre, and both air and vegetation were sampled at Bow Lake, Donald Station, and Lower Kananaskis Lake. average air volume of 2,150 m 3 was filtered for this analysis. Aerosol particles were separated by vapors on glass-fiber filters. The vapor-phase compounds were investigated by extracting two 7.5 cm ϫ 6.4-m diameter polyurethane foam (PUF) filters placed in series. The PUF filters were collected every two weeks, at which time they were placed in clean, airtight aluminum containers. Polyurethane foam filters were stored at Ϫ20ЊC at the laboratory for no longer than six months prior to extraction. Hourly temperature data were collected at each site using HOBO Temp data loggers and BoxCar Pro software, Ver 3.51 (Onset Computer Bourne, MA, USA).
Reagents
Field surrogates contained 1,3,5-tribromobenzene, 1,2,4,5-tetrabromobenzene, and ␦-hexachlorocyclohexane (␦-HCH). Laboratory OC surrogates included 1,3-dibromobenzene, endrin ketone, and octachloronaphthalene, and laboratory PCB surrogates contained PCB 30 and PCB 204. Mirex or aldrin were used as internal standards.
Extraction and fractionation
The extraction method used to analyze the vegetation samples has been described previously [7] . Air PUF filters were spiked with field surrogates and Soxhlet-extracted for 16 to 24 h in hexane. The extract was then dried with sodium sulfate, solvent exchanged into isooctane, and evaporated down to 1 ml using rotary evaporation followed by nitrogen blow-down. The extract was then cleaned up on a silica gel column prerinsed with hexane that consisted of glass frit, 20 cm of silica, and 1 cm of sodium sulfate. Fraction 1 (50 ml hexane) contained hexachlorobenzene (HCB), heptachlor, dichlorodiphenyldichloroethylene (DDE), and PCBs, while fraction 2 (50 ml of 1:1 dichloromethane:hexane) contained HCH, heptachlor epoxide, endosulfan, dieldrin, endrin, methoxychlor, dichlorodiphenyldichloroethane (DDD), and DDT. Extracts were copper cleaned prior to analysis to remove any sulfur present in the sample. Each fraction was solvent exchanged into isooctane and evaporated to a final volume of 1 ml.
Instrumental analysis
Vegetation and air PUF filter extracts were analyzed at the University of Ottawa using the methods described previously [9] . Pure reference standard solutions were used for instrument calibration, recovery evaluation, and analyte identification and 
Quality control
To monitor potential laboratory contamination, procedural blanks were processed after every 10 vegetation extractions. Two lab blanks and two solvent blanks were used during the PUF filter extractions. All data were blank-corrected prior to analysis by subtracting the mean blank concentration from the extract concentration. Surrogate recoveries for vegetation samples were generally greater than 70% for field surrogates and better than 90% for lab surrogates. Efficiencies of the air PUF extractions were comparable with those for vegetation extractions and were considered satisfactory; therefore, data were not corrected for surrogate recoveries.
RESULTS AND DISCUSSION
Vegetation concentrations
We demonstrated previously that concentrations of certain semivolatile OCs in vegetation increase with altitude [9] . The present analysis revealed that concentrations of several analytes in vegetation decreased as temperatures rose ( Fig. 2 and Table 2 ). Temperature was calculated as an average for 6 d prior to sampling to eliminate the effect of extreme conditions [10] . Semivolatile compounds with subcooled liquid vapor pressures (P L ) between 0.01 Pa and 1.0 Pa have relatively high mobility and are volatile enough to undergo atmospheric transport but still tend to condense at colder temperatures [1] . Thus, as temperatures fall with elevation, compounds with P L in this range will tend to condense from the vapor phase and deposit to vegetation at high altitudes. These semivolatile compounds include ␣-HCH (P L ϭ 0.1 Pa), HCB (P L ϭ 0.245 Pa), and ␤-endosulfan (P L ϭ 0.394 Pa), all of which had levels in vegetation that correlated inversely with temperature in this study. Heptachlor (P L ϭ 0.267 Pa) concentrations also showed a weak inverse relationship with temperature, although it was not statistically significant. Levels of some of the less volatile compounds also decreased significantly with temperature, namely methoxychlor (P L ϭ 0.000546 Pa), ␣-endosulfan (P L ϭ 0.008 Pa), and decachlorinated PCBs. The most prevalent PCB congeners in vegetation, those having four to six chlorine atoms, as well as the ⌺PCB group, displayed a significant inverse relationship with temperature. These trends are generally consistent with the theory of global fractionation that predicts migration of SVOCs to colder regions resulting in temperaturedependent cycling between air and ground. Conversely, less volatile compounds accumulate close to their source and thus show no or little relationship with temperature. Activities involving the production or use of PCBs and most of the OC pesticides examined in this study have been banned or severely restricted in Canada and the United States. Presence of these chemicals in vegetation from the Canadian Rocky Mountains thus signifies either recent sources arriving by long-range transport or chemical recycling between contaminated phases, such as air, soil, vegetation, and water.
Average concentrations of ␥-HCH were slightly lower than those of ␣-HCH, most likely due to the continued application of this pesticide in surrounding, low-lying areas near the sampling region. Presence of the ␣-isomer is probably the result of long-range atmospheric transport from Asia, the largest consumer of technical HCH consisting of 70% ␣-HCH and 15% ␥-HCH [11] . Higher levels of ␣-HCH in water from higher latitudes have been reported [12] , which is consistent with our observations that levels of ␣-HCH are higher in plant foliage from higher elevations, providing support for the theory that this compound is progressively distilled toward colder climates.
Hexachlorobenzene tends to remain in the atmosphere for long periods of time [13] , making it prone to long-range transport and global distillation. Negligible HCB concentrations in plant tissue has been observed in tropical areas, while higher levels of this compound are reported in vegetation from colder regions of the globe [13] . Similarly, a significant inverse relationship was found in this study between HCB concentrations In this study, ␣-endosulfan was detected in nearly three times as many vegetation samples as ␤-endosulfan, and concentrations of both isomers were significantly related to temperature (Table 2) . Similarly, Jantunen and Bidleman [12] found that levels of both isomers in water were lower in icecovered regions than in areas of lower latitude. This insecticide is still approved for use in Canada, the United States, and Europe [2] . The most abundant form in the atmosphere is the ␣-isomer, and although it is resistant to photolysis in water [14] , ␤-endosulfan is more persistent [15] .
Reductive dechlorination of o,pЈ-DDT occurs in some plant species [16] , which may account for its limited detection in vegetation in this study compared with the metabolites of DDT (Table 2 ). Due to the relatively low volatility of the DDT compounds and metabolites, no relationship with temperature was observed here for plant DDT concentrations.
Air concentrations
Several factors influence atmospheric concentrations of pesticides, including the time, location, and amount of source emissions, the stability and velocity of long-range air masses, and ambient temperature [14] . Atmospheric concentrations that are controlled by volatilization from terrestrial and aquatic surfaces should be strongly related to temperature [17] . Octachlorinated PCBs and p,pЈ-DDT were the only compounds whose concentrations in air were significantly correlated with temperature in this study (Table 3) . A significant inverse relationship was observed for HCB levels in air, when warmer temperatures are expected to favor higher air concentrations. A flattening of the slope in the relationship between air concentrations and temperature indicates a dominant contribution from long-range transport to atmospheric contamination, whereas a steep slope represents local air-surface exchange [18] . Observations from this study indicate that POP concentrations in Canadian Rocky Mountain air are not governed by temperature-dependent volatilization from soil or vegetation, but may be due to inputs from long-range transport or recent local sources. The most prevalent OC compound in arctic air is HCH, while HCB is a fairly ubiquitous compound in the northern atmosphere and shows little spatial variability [19] . Similarly, the most ubiquitous compounds in air from this study were ␣-HCH and HCB. Generally, temperature often explains only a small portion of the variability in ␣-HCH air concentrations, whereas levels of ␥-HCH and PCBs tend to be more strongly correlated with temperature [20] . Long-range transport contributes more significantly to air concentrations of ␣-HCH than local revolatilization from vegetation and soil because it remains in air for long periods of time. During longrange transport, degradation of gas-phase compounds can occur by photolysis or through reactions with hydroxyl radicals. Hydroxyl radicals are normally diminished at colder temperatures [21] , which would lead to lower degradation rates at higher altitudes. However, high altitudes tend to receive more ultraviolet radiation, which may promote both photolysis and hydroxyl radical formation.
Concentrations of PCBs in arctic air are dominated by the more volatile congeners that are more prone to migration to northern latitudes than heavier PCBs [19, 22] . Lower chlorinated PCBs generally relate inversely to temperature, while heavier PCBs show positive correlations [23, 24] . Low correlation coefficients imply that long-range transport is influencing concentrations in arctic air [25] . The more volatile trichlorinated and tetrachlorinated PCBs dominated the PCB profile in air from the Canadian Rocky Mountains and all homologue groups showed low coefficients of determination for the regression of air concentration versus temperature ( Table  3 ), indicating that new sources of PCBs may continue to arrive in the area.
Temperature-dependent fractionation of PCBs is enhanced by faster degradation of lower chlorinated congeners via hydroxyl radicals [26] . Again, these radicals are less abundant at colder temperatures [27] , which would hinder PCB fractionation in air at colder, higher altitudes. Relative contributions of each homologue group to the total PCB concentration in air samples collected from the Canadian Rocky Mountains remained constant with temperature, indicating that fractionation of these compounds in air was not occurring.
Levels in arctic air have not decreased over the past five years of monitoring [25] , indicating that the Arctic is acting as a sink for persistent pollutants volatilizing from warmer latitudes. It is possible that the Canadian Rocky Mountains are also acting as a continuous sink for these compounds, accounting for the lack of temperature dependence in air concentrations of PCBs as they continue to arrive in the area via long-range transport following evaporation from distant, warmer sites. Delayed deposition of PCBs has been shown in lake sediments in the far north [28] .
Vegetation-air partitioning
When chemical partitioning between two phases reaches a state of equilibrium, a partition coefficient can be calculated to assess the relative importance of each phase in the fate of that chemical. The pseudopartition coefficient between air and vegetation was calculated as the ratio of the plant concentration (C V ) to the atmospheric concentration (C A ). The true partition coefficient, K VA , cannot be estimated because concentrations in the two phases were measured in a changing environment under nonequilibrium conditions [29] . The pseudopartition coefficients of heptachlor, ␣-endosulfan, and p,pЈ-DDE, only, were correlated with temperature (Table 4) .
Values of K VA are very sensitive to temperature fluctuations and can vary highly under changing environmental conditions. However, in nonequilibrated systems, plant pollutant levels will not be affected by changes in K VA caused by variable temperature unless the compound is highly volatile [30] due to the enormous storage capacity of vegetation for compounds a Parameters are presented for the regression of log pseudo partition coefficient between vegetation and air, C V /C A (m 3 /g lipid) against temperature (ЊC). Slope and intercept are for the line of regression, R 2 is the coefficient of determination, SE is the standard error of the estimate associated with the coefficient of determination, and df represents the degrees of freedom. Temperature was taken as the average for the 5 d prior to sampling. POP ϭ persistent organic pollutant; OC ϭ organochlorine; HCH ϭ hexachlorocyclohexane; DDE ϭ dichlorodiphenyldichloroethylene; PCB ϭ polychlorinated biphenyl. * Analysis of variance revealed that the slope was significantly different from zero (p Ͻ 0.05). ** p Ͻ 0.01. Fig. 3 . Relationship between the vegetation-air partition coefficient and K OA . The line of best fit is drawn for the correlation between the log concentration ratio, C V /C A (m 3 air/g lipid) for individual samples and the log octanol-air partition coefficient, K OA , corrected for sampling temperature from the equation K OA ϭ K OW ·R·T/H MacKay et al. [40] . with high K OA , which supports our observations. In laboratory experiments, vegetation has equilibrated with PCBs in air after 10 d to two weeks of exposure [31, 32] or after as little as 30 to 70 s [30] . However, the time to equilibrium likely differs among compounds and plant species, with longer equilibration times for less volatile compounds [8] . In the field, it was shown that equilibrium between air and vegetation was not reached within three weeks of exposure to SVOCs [33] . Compared with a deciduous forest, it is expected that more compounds would reach equilibrium in a coniferous forest due to a longer exposure time to the air, but lower gaseous deposition velocities to coniferous vegetation oppose this effect [29] . In fact, many of these chemicals in conifer needles may never attain equilibrium with the air in their lifetime due to a high airside resistance [7, 34] .
Several researchers have observed inverse relationships between temperature and K VA for OC compounds in the laboratory [35] and in the field [34, 36, 37] . Results from this study show no correlation between log C V /C A and temperature, possibly indicating the two phases are not near equilibrium. The additional lack of temperature dependence in atmospheric concentrations suggests that air is acting as a continuous contaminant source to this area. Subsequent deposition to vegetation, a significant sink, is favored at colder temperatures, resulting in elevated plant concentrations.
Böhme et al. [38] found considerable variability in K VA among species for OC compounds that undergo equilibrium partitioning, while little variation was observed for those compounds that tend to undergo kinetically limited or particlebound deposition. This indicates that interspecies variability in the plant's uptake of SVOCs is due to chemical properties as opposed to plant characteristics. Furthermore, the quality, not the quantity, of the plant storage compartment seems to be an important factor in the uptake of SVOCs by plants because no relationship was observed between K VA and plant lipid content [38] .
The concentration ratio also correlated with log K OA . The correlation between temperature-corrected log K OA and the log C V /C A for all compounds excluding heptachlor, in the entire sample set (n ϭ 545) was significant at the 99.9% confidence level with a slope of 0.489 and R 2 ϭ 0.217 (Fig. 3) . Heptachlor has a high Henry's law constant (H), which made its K OA relatively low compared with its concentration ratio. 
where K OW is the octanol-water partition coefficient, R is the universal gas constant (Pa/m 3 /mol/K), T is temperature (K), and H is the Henry's law constant (Pa/m 3 /mol). When the plot of the log concentration ratio versus log K OA was constructed for each species, both slopes were similar to the one obtained when all samples were analyzed together. This indicates that there is little difference between the species in terms of vegetation-air partitioning in this area.
A straight line for the plot of the log K VA versus log K OA indicates that partitioning has reached equilibrium where fugacities between the two phases are equal [40, 41] , and that lipophilic components of the plant are governing chemical uptake [34] . However, given the variability in air concentrations and fluctuations in temperature, it is unlikely that a stable partitioning equilibrium is ever achieved between vegetation and air [42] . Slopes different from unity imply either that plant components other than lipid may be responsible for chemical partitioning between air and vegetation or that octanol does not act as an adequate surrogate for plant lipids. Slopes greater than unity suggest that plant compartments responsible for chemical storage have a higher lipophilic nature than octanol . [35] . Slopes less than one have been reported in many studies [30, 31, 34, 35] , whereas Hiatt [43] reported a slope near one. Furthermore, air concentrations of polycyclic aromatic hydrocarbons calculated from K OA tend to underestimate actual atmospheric levels [44] , indicating that octanol is not necessarily a good predictor of the chemical accumulation behavior in vegetation. The slope of 0.489 observed here suggests either that equilibrium has not been achieved between air and vegetation or that octanol is not representative of the plant storage compartment.
With decreasing temperatures, this slope increases due to the strong temperature-dependence of K VA , particularly for heavier compounds [30, 35] . At low K OA values, partitioning behavior begins to vary widely among species because concentrations in plants exposed to the same air masses are controlled by K VA . Accumulation of compounds with higher K OA values in plants is limited by the amount of air that contacts the plant because of the plant's high storage capacity for these chemicals [30] . This is further evidence for the inconsistent behavior of chemicals in the plant-air partitioning process.
Diurnal cycling
Lipid-based analyte concentrations in vegetation samples collected diurnally on three occasions at Bow Lake were analyzed using paired-samples t tests that revealed little differences in analyte concentrations between samples collected in the early morning and those collected in the afternoon. The average afternoon temperature of 16.6ЊC was significantly higher than the average morning temperature of 4.0ЊC ( p Ͻ 0.001). However, there were no significant differences in concentrations of POPs in vegetation between the two sampling times.
A temperature-dependent diurnal cycling for POP concentrations in England air was stronger for banned compounds than for those chemicals currently used, with afternoon levels being higher than early morning levels [45] . Hung et al. [46] observed diurnal cycling of PCBs in grass as a result of rapid exchange between the air and the surface storage compartment of the vegetation. Conifer needles, however, have greater proportions of lipid and achieve equilibrium with the air more slowly than grasses [7] . The lack of a diurnal trend in this study is likely due to the slow kinetics in plant uptake of airborne pollutants, which would make the 8-h time difference between sampling occasions too small to observe significant volatilization or accumulation.
Longitudinal transect trends
Temperature (R 2 ϭ 0.387, p Ͻ 0.001) and concentrations of several compounds were significantly correlated with longitude, indicating that temperatures are generally warmer and concentrations higher in the valley toward the west compared with the Rocky Mountains (Table 5 and Fig. 4) . Levels of ␣-HCH were fairly constant along the longitudinal transect. Conversely, concentrations of ␥-HCH decreased from the Rocky Mountains to the western plains probably due to the increased use of this compound in Alberta and Saskatchewan to the east of the Rocky Mountains compared with the western province of British Columbia. These trends likely arise from the scavenging of certain compounds, such as heptachlor epoxide, endosulfan, and DDT, by vegetation along the west coast from trans-Pacific air masses before they reach the Rocky Mountains. It has been shown that the trans-Pacific movement of air masses can bring pollutants to temperate and polar regions of North America [47, 48] .
Effects of species differences and detection limits on observed trend
Further analysis was performed to confirm that species differences and varying detection limits among analytes were not affecting observed trends in vegetation concentrations of POPs in the Canadian Rocky Mountains. The standard error (SE) for the regression of analyte concentration in vegetation against temperature for the 16 OC pesticides and the nine homologue groups for PCBs were compared for two groups, one representing the species of pine, the other representing spruce. A significant correlation (Pearson's r ϭ 0.477, p Ͻ 0.05) was observed between SE for each species, indicating that each species contributes equally to the error associated with observed trends (Fig. 5) . Thus, species differences do not affect the observed temperature trends in analyte concentrations on a lipid-weight basis and the grouping of all species in the analysis is acceptable.
The importance of both sample size and method detection limit (MDL) on the temperature-dependence of plant concentrations was assessed by correlating the MDL with the SE for the regression of analyte concentration versus temperature (Fig. 6 ). This correlation showed no relationship (Pearson's r ϭ 0.085). Furthermore, smaller sample sizes are expected for compounds with larger detection limits, but the data show the opposite, with sample size being significantly correlated with
